We present a new lung imaging technique based on endoscopic confocal fluorescence microscopy (ECFM), which is a new method that is able to provide cellular and structural assessment of living tissue using a small confocal probe in direct contact with the visceral pleura. To observe distal airspace structure and cellular condition in normal and injured lungs (hyperoxic and bleomycin challenged), we used fluorescent-specific marker contrast and ECFM. Alveolar space ECFM with spectral analyses were performed at 488-nm excitation using FITC-labeled markers or naturally fluorescent dyes. The normal lung was compared with the sick lung, where our in vivo imaging experiments correlated well with results obtained with corresponding ex vivo conventional assays. Four main elements pertaining to the acute lung injury/ acute respiratory distress syndrome (ALI/ARDS) pathophysiology and established early key events were specifically studied: alveolar epithelial membrane phenotype, lung cell apoptosis, neutrophil recruitment, and edema. ECFM allowed visualization of (i) fine-tuned ultrastructural lectin (RCA-1) and sialoglycoprotein (RTI40) epithelial cell membrane expression, (ii) YO-PRO-1-related DNA linking of lung cell apoptosis, (iii) PKH2 green fluorescent cell linker-labeled neutrophil tracking in lung microcirculatory network and airspaces, (iv) FITC-dextran plasma contrast and extravasation with edema formation. ECFM provides reliable results to corresponding ex vivo fluorescent methods. ECFM, using the minimally invasive Five-1s optical instrument and specific fluorescent markers, is able to provide real-time potentially useful imaging of live unfixed normal and injured lung tissue with promising developments for improving bedside diagnostic and decision-making therapeutic strategy in patients with ALI.
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are critical conditions characterized by a severe acute hypoxemic respiratory failure and bilateral lung infiltrates not related to left-sided heart failure. 1 The incidence of ALI/ARDS averages 80 per 100 000 person-years in developed countries, 2, 3 with significant morbidity and a 'reallife and real-time' mortality rate of 30-40%. 4, 5 ALI/ARDS must be differentiated from other acute pulmonary disease entities but there are no 'easy-to-do' diagnostic tests. Available tools include (i) chest imaging and bronchoscopy with bronchoalveolar lavage, which are often not discriminant when pneumonia is not causative, and
(ii) open lung biopsy, which is a gold standard for accurate diagnosis, but with relatively low benefit/harm ratio in some places. 6, 7 Critical care physicians must otherwise rely on the widely accepted criteria of diffuse infiltrates on chest imaging and severe hypoxemia, and on the presence of known risk factors. 1, 8 Histologically, ALI/ARDS is defined by a diffuse alveolar damage (DAD), which is at early stage formed into edema, necrosis of type I pneumocytes and endothelial cells, sparse interstitial inflammatory infiltrate, intra-alveolar hemorrhage, fibrin deposition, and later on type II pneumocyte proliferation, with sometimes hyaline membranes and fibrosis, when the repair is failing. 9 The earliest phases of DAD, the ones that should be targeted for therapeutic interventions, is exudative and characterized by neutrophilic infiltrate and edema, and alveolar epithelial cell repair is a cornerstone of lung healing to prevent fibrosis. 10 Several techniques of lung imaging are being elaborated with variable efficiency or side effect profiles. Computed tomography, positron emission tomography and magnetic resonance imaging have led the way to the assessment of airspace microimaging but still lack cellular/molecular resolution and specificity. 11 Better performing and less invasive diagnostic methods are needed for critically ill ALI/ARDS patients, and intravital endoscopic confocal fluorescence microscopy (ECFM) is one such promising new methodology. 12, 13 Two minimally invasive approaches are presently studied with ECFM: (1) bronchoscopic and (2) transthoracic. A few studies have been published using both the bronchoscopic and the approaches allowing a real-time 'alveoscopy', but without testing of markers. 12, 14 This ECFM technology shares several advantages over conventional imaging procedures: (i) spatial and temporal resolution imaging, (ii) relatively noninvasive (safe approach, no open lung biopsy, no fixative), (iii) performed at bedside, and iv) potentially periodic follow-up.
Our hypothesis in this study was that ECFM could provide invaluable real-time insights into lung inflammation and repair processes that can affect critical care bedside physician decision-making strategy. Our objectives, by using sensitive and specific fluorescent markers, were (i) to compare images of the normal lung to ALI and (ii) to validate and compare in vivo ECFM to conventional ex vivo fluorescent and optical histopathology.
MATERIALS AND METHODS Experimental Animal Models
Pathogen-free Long-Evans rats received care in compliance with The Guide to the Care and Use of Experimental Animals from the Canadian Council of Animal Care (1993, CCAC, 2nd ed.). Protocols were approved by our institution's Ethics Committee for animal care and experimentation. ALI was induced by intratracheal (I/T) instillation of a mild dose of bleomycin (5 U/kg), or by 48-72 h hyperoxia exposure, as described previously. 15 Neutrophil lung transit and recruitment were observed either after phorbol myristate acetate I/T instillation, hyperoxia exposure, or bleomycin I/T injection. 15 At least six rats per group were examined for imaging.
ECFM ECFM, using a dedicated research instrument (Five-1, Optiscan, Notting Hill, VIC, Australia), was performed for image acquisition. 16 The Five-1 is a rigid pen-like confocal probe connected by an excitation/collection optical fiber with a 488 nm solid-state laser source and fluorescence detection optics sensitive from 505 to 750 nm. When the probe-tosurface tissue contact is established, the laser power output is 'real-time' adapted by the operator-from 0 to 1000 mW-to achieve appropriate contrast. The field of view is 475 Â 475 mm and the axial and lateral resolutions are 7 and 0.7 mm, respectively. The imaging plane can be stepped down by increments of 4 mm, to 250 mm below the surface, and resolutions vary depending on the imaging acquisition speed: 1024 Â 1024 pixels (0.8 frames/s) or 1024 Â 512 pixels (1.6 frames/s). 16, 17 Post-treatment of images was performed with Adobe Photoshop (Adobe Systems, San Jose, CA, USA). The confocal probe was introduced through either transthoracic or transdiaphragmatic routes and secured on the pleural surface. 18,19 for lung cell tracking; and (6) acriflavine (Sigma-Aldrich) were the selected studied markers, as detailed in Table 1 . Image acquisition with YO-PRO-1 was restricted to 10 min after anyway instillation in order to preserve the best signal-to noise ratio (as determined in preliminary assays).
In Vivo Imaging Procedure
The right jugular vein of experimental rats was cannulated using an angiocatheter (VWR, Mississauga, ON, Canada), and a tracheostomy was performed to secure conventional ventilation during the imaging period. 15 Excess labeled I/T markers was removed by saline bronchoalveolar lavage (5-10 ml). At the end of the experiments, lungs were sampled and frozen in Optimal Cutting Temperature (OCT, TissueTek, Sakura Finetek, Torrance, CA, USA) for ex vivo studies.
Ex Vivo Lung Immunostainings
Lung pieces were fixed 48 h in 10% buffered formalin, embedded in paraffin, and further stained with hematoxylin and eosin for traditional optical examination. Alternatively, lung pieces were fixed for 4 h in 4% paraformaldehyde at 41C, followed by an overnight wash in 20% cold sucrose, and then dehydrated and paraffin embedded for immunofluorescence studies. Slices of 5-mm thickness were harvested and deposited on poly-L-lysine-coated slides. Rehydrated slides were incubated for 10 min at 371C with pepsin (Digest-All; Zymed, San Francisco, CA, USA) for antigen unmasking. Nonspecific binding was prevented by incubation with 10% 20 Ex vivo observation of fluorescent neutrophil transit across the lung (after ECFM) was performed on OCT frozen samples and analyzed using an Axioskop 2 fluorescence microscope (Carl Zeiss, Thornwood, NY, USA).
Quantification
Thirty acquisitions from each group (normal, bleomycin, and hyperoxia rats, n ¼ 6 group) were randomly selected in apoptosis and neutrophil experiments for quantification purposes. Acquisitions were converted to 8-bit images and analyzed using ImageJ 1.42q program (National Institute of Health; http://rsb.info.nih.gov/ij). Images were pixel inverted and the background was threshold adjusted. Cells counts were performed using a particle analyzer with a size ranging from 70 to infinity.
Statistical Analysis
Results are expressed as mean±s.d. A Student's unpaired t-test analysis was selected for two-group comparisons (ie, control vs bleomycin lungs) and a one-way analysis of variance (with Bartlett's test for equal variance) was used to evaluate three-group differences (ie, control vs hyperoxia vs bleomycin lungs). Po0.05 was considered as the threshold for significance.
RESULTS
Several lung areas were screened, depending on the injected marker, to obtain the best imaging quality during each experiment. Depth of focal plane, sensitivity, and laser power and fluorescence intensity-especially with combinations of markers-were adjusted to obtain optimal image contrast. Figure 1 shows lung epithelial cell membrane labeling (type I cells) with Ricinus communis agglutinin (RCA-1) likely binding to galactose residues. Pisum sativum (PSA) lectin labeling demonstrated distinctive patterns of cell membrane staining having carbohydrate affinity for mannose moieties (data not shown). Differences in lung structure or architecture are highlighted by comparing normal lung (Figures 1a and c) with lungs that had been treated with bleomycin 3 weeks earlier, with increased alveolar, interstitial and airspace-lining cellularities, and overall enhanced parenchymal thickness (Figures 1b and d) . Occasional strong RCA-1 labeling was observed on large cells in and along airspaces suggesting binding by macrophages and/or metaplastic (shedding) epithelial cells ( Figure 1b) . 21 For anti-lectins of both agglutinins, specificity of in vivo stainings was further reascertained by the abolition of lung labeling with appropriate sugar preabsorption (data not shown).
Ex vivo immunofluorescence labeling with the same primary targets (ie, agglutinins, Figures 1c and d) was performed for ultimate comparison and validation to the imaging obtained with the Five-1 confocal endoscope. Figure 2 represents another epithelial cell-associated protein labeling for type I cell membrane. Rat type I cell 40-kDa sialoglycoprotein (RTI40) staining pattern has been extensively characterized earlier. 22, 23 As with RCA-1 labeling, differences in lung structure/architecture are highlighted by comparing normal lung (Figures 2a and c) with late sick Figure 3 shows fluorescent neutrophil passage, recruitment, and/or diapedesis in the lung. Neutrophils were first harvested and labeled with PKH2, as described in Materials and methods, and then tracked in unchallenged or sick 2-week-old bleomycin lung using the Five-1 endoscope (Figures 3a and b) . A few circulating neutrophils can be observed crossing the unchallenged lung microcirculation (Figures 3a  and c) , whereas numerous labeled cells can be observed within the sick lung, some of them being already translocated into airspaces (Figure 3b ). Ex vivo immunofluorescence conventional studies using cryo-preserved lung samples after Five-1 screening showed similar sensitivity to ECFM (Figures  3c and d) . (Figures 3e and f) . Figure 4 demonstrates lung cell apoptosis using YO-PRO-1 as a DNA linker, instilled I/T in 1-week bleomycin I/T challenge (Figure 4b) , and in sick lungs after 60-72 h hyperoxia (Figure 4c ), using the Five-1 endoscope. Apoptotic cells are presumably epithelial or free inflammatory cells, with possible contribution of some endothelial cells, and are numerous in contrast to occasional labeling in normal lung (Figure 4a ). Ex vivo corresponding apoptotic levels using TUNEL assays (comparable method for detection of DNA commitment in cell apoptosis) detected enhanced labeled cells in bleomycin and hyperoxic lungs vs control lung (Figures 4e and f vs d) . Semiquantitative analyses revealed 25-and 6.5-fold increases of labeled apoptotic cells in bleomycin lungs, as well as 9-and 6-fold corresponding increases in hyperoxic lungs in vivo and ex vivo (Po0.001 vs normal lung, respectively) (Figures 4g and h) . Figure 5 shows FITC-dextran plasma labeling in the normal lung (early phase), with interstitial microcirculation contrast and moving blood cells negatively visible ( Figure  5a ). A 72-h hyperoxia-exposed lung at the same phase shows early and variable diffusion of FITC-dextran outside the capillary network with interstitial and alveolar space labeling Figure E2) and hyperoxia-exposed edema lungs (Supplementary Figure E3) (see in the online data Supplement).
DISCUSSION
In this study, lung distal airspaces from rodents were directly observed in vivo at a cellular/molecular level using a fluorescence confocal endoscope and without any tissue sampling or fixation procedures. Different pathophysiological mechanisms and structures of the lung were observed with the following objectives: (i) compare normal vs sick lungs, and in vivo vs ex vivo techniques (as gold standard assessment), and (ii) address key elements committed in early ALI/ARDS and repair events (ie, epithelial cell recognition and repair processes including apoptosis, neutrophil tracking and recruitment in the lung, blood microcirculation, and lung edema). These pathophysiological processes are also intimately related to each other and critically relevant in the ARDS natural history.
The data presented herein show qualitative and semiquantitative comparisons of imaging obtained from in vivo intravital ECFM using the Five-1 instrument, and from ex vivo conventional techniques using processed samples as a gold standard method in the observation of lung microstructures. In vivo imaging, however, brings new aspects and potential for in situ repetitive assessments of epithelial cell repair processes, neutrophil recruitment, blood microcirculation networking with vessel leakage, and edema, and thus dynamic observation/monitoring after therapeutic changes-including alteration of mechanical ventilation parameters-that cannot be carried out by open lung biopsy.
Epithelial Membrane Imaging: Lectin and RTI40 Labeling Distal airspace epithelial repair is a cornerstone and 'doubleedged-sword' event of lung repair after ALI/ARDS. On the one hand, it is critical for functional restoration, edema resolution, and fibrotic scar prevention, and on the other, it is possible that the epithelial-to-mesenchymal cell transition pathway can lead to abnormal fibrotic wounding. 10, [24] [25] [26] Cellselective and phenotype-specific markers for investigating injury and repair of the alveolar epithelium are thus essential to observe both anatomical and functional recovery. 21 Lung structural membrane elements are useful in this way, and epithelial carbohydrate lectins with type I cell sialoglycoprotein RTI40 were appropriate markers. RCA-1 mainly recognizes lung type I epithelial cells, 21, 27 but also type II cell apical and basolateral plasma membranes, 28 as well as other cell type though weakly (eg, monocytes or macrophages, endothelial cells). A dense and continuous linear staining of the alveolar epithelium was seen with RCA-1 by using in vivo ECFM as well as in ex vivo conventional assays, and this Lung in vivo endomicroscopy F Chagnon et al pattern turned patchy, irregular, and discontinuous in the bleomycin lung after 3 weeks due to membrane blebbing; thickening of the alveolar walls and surface repair processes. The integrity of the alveolar epithelium was also investigated using a marker for pulmonary parenchymal injury. RTI40 is a protein expressed on the apical plasma membrane of type I epithelial cells. 22 The in vivo visualization of the marked antibody against RTI40 revealed parenchymal enlargement with irregular and discontinuous labeling in the bleomycin model as compared to the normal lung, whereas nonspecific labeled IgGs showed lack of staining. It also showed cellular hyperplasia, enhanced matrix deposition, and abnormal interstitial cells proliferation. In accordance with the study by Koslowski et al, 29 the in vivo imaging and the ex vivo immunofluorescence showed areas of variable RTI40 protein staining at the alveolar surface (from no to irregulardiscontinuous labeling, with foci of 'normal' or already restored alveolar epithelium) 3 weeks following bleomycin administration. In this regard, taking into consideration that the dose of bleomycin I/T instilled was mild (1.5 vs 7 TU per rat 30 ) and though several brown areas were obviously visible macroscopically, IgGs were topically applied and should not normally have accessed nonatelectatic open airways and Lung in vivo endomicroscopy F Chagnon et al spaces in vivo (ie, less injured areas), whereas they will have contacted these tissues in ex vivo fixated samples.
Lung Neutrophil Tracking and Recruitment
Moving cells, such as inflammatory cells, can also be tracked by ECFM using the Five 1 instrument. Nonactivated neutrophils have a half-life of only 4-10 h before marginating and entering tissue pools, surviving for 1-2 days. Systemic half-life is significantly shorter in individuals suffering from infectious or acute inflammatory diseases in which requirement for newly recruited and primed neutrophils increases considerably, but tissue death is generally delayed. 31 Accumulation and sequestration of activated neutrophils in microvessels is observed early on and is a hallmark of ALI/ ARDS. 31, 32 Using either ex vivo neutrophil labeling-reinjection or systemic intravenous in vivo direct labeling techniques, ECFM was able to detect real-time passage of small numbers of fluorescent cells across the normal lung microcirculatory network, neutrophil sequestration diapedesis after bleomycin I/T challenge, which peaks between 2 and 17 days after instillation 33 , or nearly immediate neutrophil locoregional recruitment after catheter-guided phorbolmyristate acetate (10 À8 M) segmental lung challenge (not shown). It is also noteworthy that ECFM could also potentially allow tracking of other inflammatory or progenitor cells.
Lung Cell Apoptosis
Lung cell apoptosis is a regulated form of death whose deregulation can lead to wound failure, fibrosis, or sustained inflammation. 34 Of the numerous cells involved in ALI/ ARDS, some exhibit intense and accelerated apoptosis (eg, epithelial and endothelial cells, lymphoid cells), and others a delayed apoptosis (eg, neutrophils, mesenchymal cells). [31] [32] [33] [34] [35] Imaging cell apoptosis in tissues of living animals has been a topic in expansion over the past few years. Several studies investigated the subject by using alternative technologies such as magnetic resonance imaging 36, 37 or positron emission tomography with radiolabeled annexin V. 38 However, the resolution of these devices is appropriate to determine region of interest but does not allow the detection of apoptosis at the cellular-scale level. In addition, most of the markers used in vivo to date showed upstream apoptotic events, whereas the fluorescent DNA-staining dye used in this study, YO-PRO-1, revealed DNA fragmentation characteristic of downstream terminal apoptosis. This dyed linker is selectively for cross-permeant membranes of apoptotic cells and has already been validated for in vivo use. 39 After experimental injury, I/T injection of YO-PRO-1 was particularly accurate for lung apoptosis imaging using ECFM, and abundant nuclear staining of apoptotic cells-presumably mainly alveolar epithelial cells, with few inflammatory, endothelial, and interstitial cells-was visualized in both bleomycin and hyperoxic models. 40, 41 Hyperoxic lungs preferentially presented a sparse or homogeneous pattern, whereas bleomycin lungs more likely showed patchy clusters of apoptotic cells. Indeed, hyperoxic lungs are recognized by injury and death of more alveolar endothelial than epithelial cells, whereas the bleomycin lung produces more alveolar epithelial cell injury and death, 20, 34, 35, 40, 42 with respect to distinctive natural histories of both models. Indeed, cellular source of apoptosis and reagent accessibility may explain part of the apparent discrepancy between the relatively lower detection rate of apoptotic cells detected by the Five-1 in hyperoxic vs bleomycin lungs, compared with the similar detection rates observed using TUNEL. ECFM observations correlated easily with the traditional TUNEL or ISEL techniques on ex vivo fixated lung sections. 20, 40, 43 Lung Microcirculation and Edema Pulmonary edema is another critical feature for monitoring parameters of ALI/ARDS by bedside ICU physicians, 44 although it is often underestimated and difficult to assess. Although the epithelial barrier is less permeable than the endothelium physiologically, the loss of epithelial cells in distal airspaces of ALI/ARDS lungs is common and a cornerstone of the repair processes. 9, 10, [24] [25] [26] 34, 35, 40 There is growing evidence that lung permeability should be considered as a target for new therapy in ALI/ARDS: current knowledge on catecholamines-induced improved fluid clearance, 10, 24, [44] [45] [46] trends for increase of ventilator-free days with decrease in extravascular lung water, 46 and evidence for reduction of ventilatory needs with conservative vs liberal fluid resuscitation. 47 However, validated and reliable procedures for lung permeability assessment are still lacking, although FITC-dextran 48 and semiquantitative double-isotope imaging technique (using albumin and transferrin) 49 have become popular experimentally, in vivo as well as ex vivo.
In this study, we presented endoscopic confocal imaging data allowing visualization of dextran 'real-time' extravasation in a model of lung hyperoxia, without quantitative purposes. Edema at this time was clinically and macroscopically obvious, however, astonishingly variable and inhomogeneous on a dynamic and microscopic basis. This emerging endomicroscopic technique is able to offer physicians an additional tool to evaluate actual edema status in localized areas, in addition to conventional methods (eg, Piccos, wedge pressure 44 ).
Limitations of This Study
This study is preliminary because of the use of a limited number of fluorescent markers to assess ALI/ARDS. In addition, these exogenous fluorescent reagents, with exception to fluoresceinated dextran, are not presently approved for human use, and in such a case, using these reagents in their present form would not be necessarily cost-effective. The Five-1 instrument is a unichannel (FITC scale) system, does not allow co-(expression) localization labeling, and its performance is comparable to other devices such as the Cellvizios. Only qualitative or semiquantitative imaging was provided at this time. Further, extended and refined
Lung in vivo endomicroscopy F Chagnon et al assessments of lung cellular and structural are mandatory with repetitive time-frame screening, for instance by using selective permeant peptides delivered in the airways. Ultimately, an algorithmic strategy for real-time diagnostic lung assessment should be validated (in small and large animals), innocuity of repetitive fluorescent labeling procedures ascertained, and first phases of human studies should be initiated.
Conclusions
This study is the first to our knowledge to report in vivo realtime endomicroscopic assessment of lung distal airspaces in normal and acutely injured lungs using specific fluorescent markers. Two recent reports using a similar device reported lung airspace imaging without labeling with specific markers but with natural autofluorescence 12,14 and did not address ALI. With these preliminary data, progress on an algorithmic labeling profile of unrepairing lungs using this fluorescence microendomicroscopic method is foreseen and this could conceivably lead to a clinically useful tool for ICU physicians.
